SUMMARY The relationship between resting left ventricular (LV) myocardial blood flow (MBF) and hemodynamic determinants of myocardial oxygen consumption was investigated in 15 patients with multivessel coronary artery disease (CAD) and in 10 patients with normal coronary arteriograms. Mean-LV MBF.per unit mass of tissue was measured with a multicrystal scintillation camera from the regional clearance rates of xenon-133 injected into the left main coronary artery. Peak LV wall stress, mean velocity of circumferential fiber. shortening (Vcf), rate of ejection during the first third of systole (1/ SV), LV ejection fraction (EF), and the ratio of peak LV systolic pressure to LV end-systolic volume were measured by contrast left ventriculography.
SUMMARY The relationship between resting left ventricular (LV) myocardial blood flow (MBF) and hemodynamic determinants of myocardial oxygen consumption was investigated in 15 patients with multivessel coronary artery disease (CAD) and in 10 patients with normal coronary arteriograms. Mean-LV MBF.per unit mass of tissue was measured with a multicrystal scintillation camera from the regional clearance rates of xenon-133 injected into the left main coronary artery. Peak LV wall stress, mean velocity of circumferential fiber. shortening (Vcf), rate of ejection during the first third of systole (1/ SV), LV ejection fraction (EF), and the ratio of peak LV systolic pressure to LV end-systolic volume were measured by contrast left ventriculography.
Mean LV MBF per unit mass was significantly reduced (48 11 vs 67 + 12 ml/100 g-min, p < 0.01) in patients with multivessel CAD. However, none of the patients with CAD experienced chest pain or had electrocardiographic evidence of myocardial ischemia during the resting MBF measurements. Ejection phase indexes were lower in the patients with CAD: LVEF (56 10% vs 64 7%, p < 0.05); '/3SV (35 + 3 vs 44 + 4%, p < 0.05); and mean Vcf (1.05 ± 0.30 vs 1.19 ± 0.27 circ/sec, NS). LV wall thickness (9.8 1.9 vs 7.5 + 1.4 mm, p < 0.01) and LV mass index (94 ± 32 vs 64 17 g/m2, p < 0.05) were significantly increased in the patients with CAD, accounting for the reduction in peak LV wall stress (276 73 vs 373 91 dyn-cm2 X i0-, p < 0.05) observed in these patients. Multiple regression analysis indicated that indexes of three of the major determinants of myocardial oxygen consumption explained 65% of the variation in MBF in patients with CAD: peak LV stress, mean Vcf and heart rate. After adjustment for these three indexes, the average LV MBF rates were not significantly different in the two patient groups (54.8 + 1.8 vs 57.6 + 2.3 ml/100 g-min). In both groups, resting LV MBF/beat correlated most highly with peak LV wall stress (r = 0.79). Thus, the reduction in LV MBF per unit mass observed in patients with multivessel CAD at rest is related to lower levels of hemodynamic variables that determine myocardial oxygen consumption. Peak LV-wall stress is the most important hemodynamic variable determining the level of resting MBF in patients with and without CAD.
STUDIES using the regional xenon-133 washout technique have revealed that mean left ventricular myocardial blood flow per unit mass of tissue is reduced at rest in patients with significant (> 50%) lesions of two or more coronary arteries." 2 Klocke et al.3 reported similar reductions in patients with multivessel coronary artery disease. They measured inert gas washout from the myocardium by sampling aortic and coronary sinus blood. What causes reduced resting myocardial flow per unit mass in multivessel coronary disease is not clear.
One possibility is that resting myocardial hypoperfusion is caused by mechanical obstruction of coronary blood flow due to stenotic lesions. Consistent with this concept is the observation that in some patients with severe coronary disease, perfusion defects in resting thallium-201 myocardial scintiscans redistribute over time. 4 This observation suggests that resting myocardial blood flow is transiently reduced in the region of the defects. However, many investigators believe that true myocardial ischemia cannot exist as a steady-state con-dition that a significant imbalance between myocardial oxygen needs and supply will progress to left ventricular failure or infarction. Furthermore, most patients with significant coronary artery disease do not have angina, ischemic ECG changes or lactate production at rest.' 3 5 6 Another possibility is that reduced mean left ventricular myocardial blood flow per unit mass in multivessel coronary artery disease is related to alterations in left ventricular performance.2 7 Experiments in animals have indicated that there is a very close direct relationship between myocardial oxygen consumption (MVO2) and myocardial capillary blood flow per unit mass of tissue.8 9 This relationship extends over a wide range from reduced MVO, in preparations with experimental heart failure'0 to increased MVO2 in hearts with tachycardia induced by atrial pacing or exercise."' 12 The three major hemodynamic determinants of MVO2 are heart rate, myocardial contractility and peak left ventricular systolic wall stress."3 Weiss et al."4 demonstrated that significant reductions in mean left ventricular perfusion per unit mass occurred in patients with cardiomyopathy who had normal coronary arteriograms and impaired ventricular function. Multiple regression analysis indicated that most of the variation in resting myocardial blood flow rates was related to hemodynamic indexes that reflected the three major determinants of MVO2: heart rate, peak systolic wall stress and the mean velocity of circumferential fiber shortening (Vcf). Similar observations relating left VOL 66, No 3, SEPTEMBER 1982 ventricular myocardial blood flow to heart rate, mean Vcf and peak systolic stress have been made in patients with normal coronary arteriograms with aortic stenosis'5 and with essential hypertension. 16 The present study was lar myocardium using a multiple-crystal scintillation camera as described previously.2, 18 A left coronary cineangiogram was recorded in the 500 left anterior oblique projection with a series of radiopaque radioactive markers positioned on the chest wall. These markers served to identify the origin of the left coronary artery and the anterior and posterior borders of the heart. Fifteen minutes elapsed before myocardial blood flow was measured. Without changing the patient's position, the image intensifier was removed and was replaced in the same position and projection with the detector head of a multiple-crystal scintillation camera (System 70, Baird Atomic, Inc.), which consists of a grid of 294 individual Nal (Tl) scintillation crystals arranged in 21 columns and 14 rows. The radioactive markers were recorded for future spatial reference and removed from the chest wall. Twenty to 25 mCi of xenon-133 dissolved in 1-2 ml of sterile pyrogen-free saline were injected rapidly into the left main coronary artery. Xenon-133 diffuses rapidly into the myocardium supplied by the coronary artery and is cleared from myocardial tissue as a direct function of myocardial blood flow. The 8 1-keV gamma radiation emitted by the radioisotope during its clearance from the myocardium was collimated with a 1.5-inch multichannel collimator, recorded externally by each of the multiple detectors overlying the heart for 120 seconds, and stored on magnetic tape. The data were processed by a digital computer (model 360/91, IBM Corp.). The computer fitted a monoexponential equation by the method of least squares to the data collected in the first 40 seconds after the peak count recorded by each crystal and calculated the slope (k) of the initial portion of each of the myocardial xenon-133 washout curves, i.e., the clearance constant of xenon-133 washout from the myocardium viewed by the crystal. Myocardial blood flow rates in the areas viewed by each of the multiple crystals were calculated by the Kety formula'9: F = 100 x k x k/p, where F is the myocardial capillary blood flow in milliliters per 100 g per minute, X is the blood:myocardium partition coefficient for xenon-133 obtained by Conn20 in the normal dog heart (0.72), and p is the specific gravity of myocardium. The pattern of local myocardial perfusion rates so obtained was then superimposed on a tracing of the patient's left anterior oblique coronary arteriogram. Alignment and appropriate magnification of the pattern was facilitated by recordings of the same radioactive-radiopaque markers on both the coronary arteriograms and on the computer printout of local myocardial blood flow rates. The mean left ventricular myocardial perfusion rate per unit mass was calculated by averaging the local blood flows recorded by all crystals overlying the left ventricle. Mean left ventricular myocardial blood flow per unit mass measured by regional xenon-133 clearance has correlated well with mean left ventricular blood flow measured by radioactive microspheres in anesthetized dogs with heterogeneity of local perfusion induced by partial coronary occlusion at rest and during infusions of isoproterenol.2' Over the flow range from 40 to 150 ml/100 gmin, the regression line relating the two measurements did not differ significantly from the line of identity.
Left Ventriculography
Single-plane left ventriculography was performed at least 20 minutes after coronary arteriography with the patient in the shallow (25-30°) right anterior oblique projection. During held inspiration, 45 ml of meglumine diatrizoate were power-injected through a pigtail catheter over 3 seconds into the left ventricular cavity. The earliest fully visualized normal beat in the ventriculogram was chosen for analysis to minimize the myocardial depressant effects of contrast medium.22 Cardiac cycles after extrasystoles were not analyzed. All patients were in normal sinus rhythm, and none showed a significant change in sinus rate during the contrast left ventriculogram. A radiopaque grid, crosshatched in 1-cm squares, was filmed at the transducer level as a spatial reference for magnification correction.
Angiographic Calculations
The cine frames showing opening and closing of the aortic valve leaflets were used to identify the beginning of left ventricular ejection and the end of systole. The last frame in which the aortic valve was visualized in the closed position was assumed to be the end of the preejection period and the last frame in which the aortic valve was visualized in the open position was assumed to be end-systole. The total number of frames from the end of the preejection period to end-systole was used to calculate the left ventricular ejection time. Left ventricular systole was then separated into three equal parts by dividing the ejection time into thirds. If the ejection time was not evenly divisible by three, the first and the second thirds were made equal in duration and the last third either one frame longer or one frame shorter than the first two thirds.
The silhouette of the left ventricular cavity was traced in outline at the end of the preejection period, at the end of the first and second thirds of systole and at end-systole. Silhouette tracings were always made to the outside margins of the papillary muscles. The long axis of the ventricle was taken as the longest line from the apex to the margin of the aortic valve. Ventricular volumes were calculated using the single-plane arealength method of Sandler and Dodge.23 Left ventricular wall thickness was measured directly from the anterior wall segment below the equatorial plane of the left ventricle in the right anterior oblique projection and was corrected for nonparallel x-ray distortion. 24 Only ventriculograms which clearly displayed the epicardial and endocardial borders were analyzed. Left ventricular thickness was also measured by the method of Rackley et al. 25 : A segment of the anterior wall of the left ventricle, located at the junction of the apical and middle thirds of the ventricle, was outlined, and the area of the segment was planimetered and divided by the segment length. The two methods of measuring wall thickness correlated well (r = 0.85). Left ventric-ular mass index was calculated by the method of Rackley et al. 25 Peak ventricular wall stress was calculated using the thin-wall formula of Sandler and Dodge26:
where P = pressure (dyn cm -2), b minor semiaxis, a = major semiaxis and h = wall thickness (cm). Left ventricular tension was calculated as the product of the left ventricular stress and wall thickness. Two assumptions were made in these calculations: (1) the dimensions of the left ventricle used in the formula were taken from the tracing of the left ventricular silhouette at the end of the preejection period. This assumes that there are no significant changes in these dimensions from the end of the preejection period to peak stress. (2) Peak systolic pressure was measured from the left ventricular pressure curve immediately before the ventriculogram, which assumes that there is no change during the subsequent few beats. Mean velocity of circumferential fiber shortening was calculated by the method of Karliner et al. 7 The rate of left ventricular ejection during the three portions of systole was estimated from the ventriculograms. The volume at the end of the first third of systole was subtracted from the volume at the end of the preejection period. The volume at the end of second third of systole was subtracted from that at the end of the first third. End-systolic volume was subtracted from the volume at the end of the second third of systole. The sum of the three volume changes was the left ventricular stroke volume. The rate of ejection during each third of systole was expressed as the percent of stroke volume ejected during that period.
MEAN LV MBF (ml/IOOgm min)
The ratio of left ventricular peak systolic pressure (PSP) to the left ventricular end-systolic volume (ESV) was calculated (PSP/ESV) as described by Sagawa The measurements of resting mean left ventricular myocardial blood flow per unit mass of tissue are summarized in figure I and tables 1-4 . Mean left ventricular myocardial blood flow per unit mass was significantly lower in the patients with multivessel coronary artery disease (group 2), 48 ± 11 ml/100 g min, than in control subjects (group 1), 67 + 12 ml/l00 g min (p < 0.01).
None of the patients in group 2 experienced chest pain or had electrocardiographic evidence of myocardial ischemia during the resting blood flow study. Measurements of arterial and coronary sinus oxygen content and lactate concentrations performed in nine of the group 2 patients were within normal limits for this laboratory. +21.2 Abbreviations: LV MBF = left ventricular myocardial blood flow; MVcf -mean velocity of circumferential fiber shortening; %SV -percent of stroke volume; PSP = peak systolic pressure; ESV = end-systolic volume; HR = heart rate; BP = systolic blood pressure.
sure, end-diastolic pressure, and mean aortic pressure did not differ significantly between the two groups. However, measured left ventricular wall thickness was significantly increased in the group 2 patients vs group I patients (9.8 + 1.9 vs 7.5 + 1.4 mm, p < 0.01) (tables 1 and 3, fig. 2 ). The derived left ventricular mass index was also significantly elevated in group 2 (94 ± 32 g-m/m2) vs group 1 (64 ± 18 g/m2) (p < 0.05). Mean peak systolic stress was significantly lower in group 2 (276 ± 73 dyn-cm-2 X 10-3) than in group 1 (373 ± 91 dyn-cm-2 x 10-3), whereas peak tension was not significantly different (257 ± 63 vs 268 ± 41 dyn-cm-I x 10-3). There was no significant difference in estimated total left ventricular blood flow between the two groups (group 1, 75 ± 18 ml/min; group 2, 83 + 33 ml/min), since the average relative decrease in blood flow per unit mass in group 2 patients of 28% coincided with an average relative increase in left ventricular mass of 48%.
Indexes of Ventricular Performance Figure 3 compares several ejection phase indexes of resting left ventricular performance in the patients in this study. The average value for ejection fraction was significantly different for the two groups (group 1, 64 + 7%; group 2, 56 ± 10%, p < 0.05). Similarly, the average ratio of peak left ventricular systolic pressure to left ventricular end-systolic volume was significantly lower in group 2 (2.56 ± 0.88 mm Hg/ml) than in group 1 (3.53 ± 1.48 mm Hg/ml) (p = 0.05). However, the average mean Vcf in group 2 (1.05 ± 0.30 circ/ sec) was not significantly different from that in group 1 (1.19 ± 0.27 circ/sec). Figure 4 shows the rate of left ventricular ejection expressed as a percentage of stroke volume ejected during each third of systole for all of the patients in the two groups. Group 1 patients ejected relatively more blood during the first third of systole (44 + 4%) than during the second third of systole (35 + 3%), while the group 2 patients ejected relatively more blood during the second third of systole (44 + 6%) than during the first third of systole (34 + 6%). These differences in the relative time course of ejection between the two groups of patients were significant at the 1% level.
Relationship Between Myocardial Blood Flow and Determinants of Myocardial Oxygen Consumption
The resting level of mean left ventricular myocardial blood flow per unit mass of tissue in patients with normal coronary arteries is related to indexes of three of the major determinants of myocardial oxygen consumption: heart rate, an index of contractility (mean Vcf), and peak systolic wall stress. ' In this small sample, the coefficient for peak systolic wall stress was significantly different from zero (p < 0.01), as was the coefficient for heart rate (p < 0.05), but the coefficient for mean Vcf did not achieve significance (p = 0.24). The multiple regression explained 65% of the variation in mean left ventricular myocardial blood flow rates observed in the patients with multivessel coronary artery disease. Regression equations developed using other indexes of cardiac performance (i.e., ejection fraction, systolic pressure/ left ventricular end-systolic volume) did not yield a better fit than Vcf. 13 .7 (r -0.95). Furthermore, when the measured myocardial blood flow rates were adjusted for differing levels of stress, mean Vcf and heart rate in individual patients, there was no significant difference in the average myocardial blood flow rate for the two groups (group 1, 57.6 ± 2.3 ml/l00 g-min; group 2, 54.8 ± 1.8 ml/100 g-min). Thus, the difference in resting myocardial blood flow rates per unit mass between groups 1 and 2 cardial capillary perfusion, causing myocardial ischemia to be present at rest. Another possibility is that reduced myocardial flow per unit mass results from could be explained by differences in the levels of these alterations in the hemodynamic determinants of myothree hemodynamic indexes. Peak systolic wall stress, cardial oxygen consumption caused by abnormal left however, was the major variable that contributed to the ventricular structure and function associated with the difference in blood flow rates among individual pacoronary artery disease. In previous studies of myocartients in groups 1 and 2 ( fig. 6 ). dicate that the three major determinants of myocardial oxygen consumption are heart rate, myocardial contractility and peak wall stress. 1 Knoebel et al.43 also found no difference in total myocardial rubidium-84 clearance at rest between patients with normal coronary arteriograms and patients with significant coronary artery disease.
Because no single hemodynamic measurement accurately quantitates myocardial contractility in intact man, several ejection phase indexes of left ventricular performance were measured. Ejection fraction, the peak systolic pressure-end-systolic volume ratio, and the rate of ejection during the first third of systole were significantly lower in group 2 patients than in group 1 patients; mean Vcf was also lower in the coronary disease patients, but the difference was not statistically significant. These observations suggest that left ventricular contractility was mildly depressed in the patients with multivessel coronary disease. The observation that the rate of emptying during systole is decreased in patients with diffuse coronary disease is consistent with observations from a series of patients with significant one-vessel left anterior descending coronary artery disease. 44 The finding of reduced ejection during early systole in coronary disease was confirmed subsequently by Slutsky et al. 45 using contrast angiography. 45 The mechanism of the lower ejection phase indexes in coronary disease patients is unknown. Myocardial ischemia appears unlikely; none of the patients experienced chest pain or had electrocardiographic evidence of ischemia during these studies. The myocardial extraction rates of oxygen and of lactate which were measured in nine of them did not differ significantly from values obtained in patients without coronary disease in this laboratory. Thus, there was no evidence of a gross imbalance between oxygen supply and metabolic demand at the time of the resting left ventricular perfusion and performance measurements. Another possibility is that the altered left ventricular performance was due to regions of myocardial scar: however, 10 of the patients with multivessel coronary disease had no evidence of prior myocardial infarction and no patient had regional dysynergy or asynergy. Another possibility is that perivascular and endocardial patchy fibrosis, which is sometimes seen histologically in the presence of coronary artery disease, caused the observed alterations in ventricular performance. O 49 Previous studies from this laboratory in patients with normal coronary arteriograms and differing levels of ventricular performance have indicated that left ventricular myocardial blood flow per unit mass at rest is significantly related to hemodynamic indexes that reflect the three major determinants of MVO2. Multiple regression analysis indicated that a major part of the variation in the myocardial perfusion rates at rest could be explained by the levels of heart rate, mean Vcf and peak systolic wall stress. 1I--In the present study population, multiple regression analysis indicated that 85% of the variation in left ventricular myocardial blood flow rates could also be explained by the levels of heart rate, mean Vcf and peak systolic wall stress ( fig. 5 ).
Previous studies from this laboratory in patients with cardiomyopathy, aortic stenosis and hypertension 116 and also extensive studies by Strauer et al. in hypertensives and in patients with aortic valve disease5°5 1 indicate the importance of peak systolic wall stress as a determinant of the resting level of myocardial perfusion in man. In the present study, peak systolic wall stress was the most important variable in the regression equation developed both in the coronary disease group and in the patients with normal coronary arteriograms. The importance of peak systolic wall stress as a determinant of myocardial perfusion in the multivessel coronary artery disease patients is illustrated in figure 6 , in which left ventricular myocardial flow per unit mass adjusted for heart rate has been plotted against peak systolic wall stress, with a correlation coefficient of 0.79 (p < 0.01).
To determine if the variation in left ventricular perfusion rates in the patients with coronary artery disease is related to the three indexes of This observation suggests that in the resting state, the presence of the coronary lesions did not exert an effect on coronary blood flow that was independent of the effect of alterations of left ventricular performance as measured by heart rate, mean Vcf and peak systolic wall stress.
